Introduction
Radiographic examinations are an important tool for diagnosing caries and developing treatment plans, as well as a highly effective method for evaluating the quality of treatment and its outcomes over the course of follow-up, thereby avoiding unnecessary restorative interventions. 1, 2 marginal adaptation of the restorative material and the identification of recurrent carious lesions on X-ray examinations. Conversely, metal materials have high radiopacity on digital X-ray images, which often results in a high contrast with adjacent structures; thus, they tend to create image artifacts that may result in false-positive diagnoses of a lack of marginal adaptation or the presence of carious lesions.
Digital radiology exhibits numerous advantages compared with conventional radiology. However, some characteristics of image acquisition are similar, especially in terms of geometric factors, such as the classical errors of the technique, including improper positioning of the patient and/or of the X-ray tube, displacement of the equipment and/or the patient, and incorrect vertical and horizontal angles, among others, all of which interfere directly with the X-ray results. A peculiar feature of digital radiography is that it generates image noise, an artifact that can mask or simulate a clinical feature (e.g., dental materials, abnormalities, and pathological conditions). 7 Digital dental radiographs are considered to be as accurate as conventional radiographs; however, the interpretation of the images is different, since digital systems provide numerous resources that allow the user to manipulate the acquired data. 1 Nevertheless, a digital resource that aids in the diagnosis of one condition might not necessarily be useful for another condition and may even compromise the diagnosis. Thus, additional care must be taken when interpreting digital images to avoid potential false-positive or false-negative diagnoses. The use of cone-beam computed tomography (CBCT) to detect carious lesions has already been investigated. CBCT provides a 3-dimensional image containing detailed information about the teeth and their supporting structures. Its use is recommended in several fields of dentistry, especially implant dentistry, dental surgery, and endodontics. According to some researchers, CBCT is excellent for detecting proximal carious lesions. [8] [9] [10] Previous studies have assessed the tooth-restoration interface with X-ray technology and with CBCT; however, most such studies evaluated teeth without metal restorations. 9, 11, 12 The present study aimed to compare digital and conventional X-ray images (bitewing and panoramic radiography) and CBCT images of tooth-restoration interfaces with metal and esthetic restorative materials, in order to evaluate which imaging method best assessed the quality of restoration treatments in a way that enabled detection of misfit at the tooth-restoration interface.
Materials and Methods

Sample preparation
This study began after receiving approval from the local Human Research Ethics Committee (C.A.A.E. 0357. 0.213.000-11). The experimental group consisted of 40 healthy human molars that were examined under a × 4 magnifying glass to determine whether fracture lines, cracks, or carious lesions that could eventually affect the X-ray images were present. Teeth exhibiting any of the above features were discarded.
A section of the occlusal third of the crown was obtained from each selected tooth using double-faced diamond discs (KG#7020, KG Sorensen, Cotia, SP, Brazil) under refrigeration to remove the cusp tips for standardization purposes, since the thickness of the enamel along this surface varies among teeth, which can interfere with the images. Class I cavity preparations were made with dimensions of 4.5 mm in the medial-distal direction, 3.5 mm in the lingual direction, and 2.5 mm of depth in each of the 40 teeth (Fig. 1) .
The prepared teeth were randomly divided into 4 groups according to the chosen restoration process (R1 and R2 for the resin group, and A1 and A2 for the amalgam group). Only two groups received a glass ionomer liner on the pulpal wall to simulate tooth-restoration misfit (the R2 and A2 groups). The R1 group was composed of 10 teeth that were restored with Filtek 350XT composite resin (3M ESPE Dental Products Division, St. Paul, MN, USA), while the R2 group was composed of 10 teeth that were restored with composite resin using the method described for the R1 group; however, the pulpal wall was pre-sealed with Vitrebond glass ionomer liner (3M ESPE Dental Products Division, St. Paul, MN, USA) according to the manufacturer's recommendations (with a thickness of approximately 0.5 mm). The A1 group was composed of 10 teeth that were restored with Dispersalloy amalgam (Dentsply Limited, Surrey, England). The A2 group was composed of 10 teeth that were restored with dental amalgam using the method described for the A1 group; however, the pulpal wall was presealed with Vitrebond glass ionomer liner (with a thickness of approximately 0.5 mm).
Image acquisition
The teeth were inserted into an articulated dental manikin, with soft pink gingivae, in the place of the first and second molars in order to facilitate bitewing radiographic exams and to provide adequate positioning for the panoramic radiographs and CBCT images. The manikins were positioned with the aid of an acrylic box with corresponding marks to ensure adequate positioning. A 15-mm-thick acrylic plate was placed between the radiation source and the manikin to attenuate the radiation beam, simulating the patient's soft tissue (Fig. 2) . [12] [13] [14] The Kodak 2200 Intraoral X-Ray System (Eastman Kodak Company, Rochester, NY, USA) was used for the intraoral radiographs. Kodak Insight X-ray film (Eastman Kodak, Rochester, NY, USA), size 2, was used for conventional imaging (Fig. 3A) . The Kodak RVG 5100 digital sensor (Eastman Kodak Company, Rochester, NY, USA) was used for the digital charge-coupled device (CCD) system (Fig. 3B) , and the Scan-X Duo system (Air Techniques, Melville, NY, USA) was used for the digital photostimulable phosphor plate (PSP) system (Fig. 3C) . The manikins were positioned in a way that allowed standardized X-ray image acquisition and a source-detector distance of 40 cm was maintained. The vertical and horizontal angulations of the X-ray tube head were adjusted 
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by 8° and 90°, respectively. The exposure conditions used were 60 kV and 7 mA, and the exposure time was chosen according to the manufacturer's recommendations for each method: 0.454 seconds for the conventional method, 0.238 seconds for the digital PSP method, and 0.143 seconds for the digital CCD method. An Orthophos 3C X-ray device (Sirona Dental Systems, Bensheim, Germany) and Kodak T-MAT G/RA extraoral X-ray film (Eastman Kodak, Rochester, NY, USA) were used for conventional panoramic radiography (Fig. 3D) , while the Kodak 9000C 3D X-ray device (Eastman Kodak, Rochester, NY, USA) was used for digital panoramic radiography ( Fig. 3E ) and CBCT (Fig. 3F) . The manikins were positioned with the aid of an acrylic box to ensure adequate positioning in the focal trough for panoramic radiography and within the field of vision (FOV) for CBCT. The exposure conditions were 60 kV and 10 mA for the conventional method, 60 kV and 2 mA for the digital method, and 60 kV and 10 mA for CBCT, with an exposure time of 10.8 seconds, scanning at a collimation (FOV) of 5.0 cm × 3.7 cm and an isotropic voxel thickness of 76 × 76 × 76 μm.
Evaluation of the images
Two oral radiologists, after having been duly trained and calibrated, independently and blindly evaluated all the X-ray and tomographic images.
An LED negatoscope was used for the interpretation of conventional radiographs. The interpretation of digital and tomographic images was performed directly in the Kodak Dental Imaging Software (KDIS; Kodak Dental Systems, Rochester, NY, USA). The radiographic images and CBCT images (Fig. 4) were interpreted randomly at 2 different times. The classification was performed on a 5-grade scale: 1, definitely exhibits misfit; 2, probably exhibits misfit; 3, uncertain; 4, probably does not exhibit misfit; 5, definitely does not exhibit misfit.
Validation of the X-ray diagnosis
To validate the X-ray diagnosis (the true absence or presence of glass ionomer liner corresponding to a radiolucent area in regions subjacent to the esthetic and metal restorations), the teeth were sectioned along their axis in the mesial-distal direction with a steel disc. Images were captured under a Zeiss Axio Imager A1 light microscope (Carl Zeiss Ltd., Göttingen, Germany) with a coupled camera, using no dyes, at × 50 magnification (Fig. 5) .
Statistical analyses
The Cohen kappa (linear weighted kappa values) was calculated to assess the levels of intraexaminer and interexaminer agreement. 15 The area under the receiver operating characteristic (ROC) curve (AUROC) was calculated using BioEstat 5.0 software (Instituto de Desenvolvimento Sustentável Mamirauá, Belém, Brazil) for each type of image, and the results were compared using the Cochran Table 1 
Results
The AUROC values of each X-ray image acquisition modality for metal and esthetic restorative materials are shown in Figures 6 and 7 , as well as in Table 2 . The digital systems (CCD and PSP bitewing) had a higher AU-ROC for the evaluation of resin restorations than the conventional bitewing images. However, the conventional bitewing images exhibited a higher AUROC for assessing amalgam restorations. The digital CCD bitewing images exhibited a rightward-shifted curve in the evaluation of the amalgam restorations in comparison to the conventional and digital PSP bitewing images, although the curve reached high values (high false-positive rates). The 3 bitewing imaging methods (conventional, CCD, and PSP) demonstrated no statistically significant difference from the real condition (P>.05).
A comparison of conventional and digital panoramic radiographs did not yield good results for the evaluation of resin and amalgam restorations. For the resin restorations, both imaging methods exhibited curves that were strongly rightward-shifted despite having high values (high sensitivity and low specificity; i.e., high false-positive rates). For the amalgam restorations, the conventional panoramic radiographs exhibited a higher AUROC, whereas the AU-ROC of the digital panoramic radiographs was null, meaning that the extraoral method possessed no discriminatory ability for detecting the quality of the tooth-restoration interface (Fig. 6) .
The CBCT images showed good results for resin restorations, with a ROC curve that reached very high values and was shifted leftward. However, CBCT showed no discriminatory ability for the evaluation of amalgam restorations (Fig. 7) . Table 2 presents a comparative analysis of the imaging methods. The images obtained by panoramic radiography (conventional and digital) and CBCT exhibited a statistically significant difference from the real condition (P<.05) for resin and/or amalgam restorations. This result shows that panoramic radiography (conventional and digital) provided insufficient information for the evaluation of regions subjacent to the esthetic (resin) and metal (amalgam) restorations. The tomographic imaging systems provided insufficient information only for the evaluation of regions subjacent to metal (amalgam) restorations (P<.05).
To better understand these results, several performance parameters were calculated (sensitivity, specificity, positive predictive value, negative predictive value, and accuracy) for the evaluations of resin and amalgam restorations using the tested imaging methods ( Table 3 ). The best results for evaluating the resin restorations were ob- Amalgam  SE  50  100  90  70  100  40  SP  80  0  90  100  50  60  PP  71  50  90  100  60  50  NP  61  100  90  77  100  50  AC  55  50  90  85  75  50 Data are exhibited as percent (%). PSP: photostimulable phosphor plate, CCD: charge-coupled device, CBCT: Cone-beam computed tomography, SE: sensitivity, SP: specificity, PP: positive predictive value, NP: negative predictive value, AC: accuracy Table 2 . Comparative analysis of imaging methods for resin and amalgam restorations using receiver operating characteristic (ROC) curve areas. 
Imaging method
Discussion
The radiographic detection of restoration interfaces is important in order to avoid secondary caries, crestal bone loss, or periapical lesions due to leakage or microleakage. [3] [4] [5] Previous studies have assessed the quality of the tooth-restoration interface with conventional and digital X-ray technology, with intraoral and extraoral examinations, and with CBCT; however, most of those studies evaluated teeth without metal restorations. 9, 11, 12 Therefore, the present study tested and compared which dental X-ray imaging method better assessed misfit of the tooth-restoration interface in teeth with resin and metal restorations, with the ultimate goal of avoiding tooth damage. The advent of digital radiology revolutionized the field of radiology by enabling digital sensors to be used instead of conventional X-ray film. The main advantages of digital X-ray technology are the reduction in the radiation dose and the increased image quality. However, a peculiar feature of digital radiography is the generation of noise in the image, which refers to an artifact that can mask or simulate a clinical factor (e.g., dental materials, abnormalities, and pathological conditions), 7 and awareness of patterns of noise generation is essential for adequate X-ray diagnosis. 16, 17 An artifact known as the halation or Uberschwinger artifact is formed when there are great differences in the density of adjacent structures, and it appears as a radiolucent band parallel to the higher-density interface. 17 This artifact may also simulate carious lesions, making it a challenge when developing a differential diagnosis.
The results obtained in the present study are in agreement with those of previous studies regarding intraoral radiographs. 8, 9, 12, 18 Although the intraoral methods that those authors used differed from the method used in the present study, it can be said that, in vitro, the results of periapical radiography were the same as the results of the bitewing radiographs used in the present study. More specifically, the principle of image generation is the same; that is, the image detector and the objects are parallel to each other, and the central radiation beam is perpendicular to them. 8 As Table 2 shows, the AUROC values for the evaluations of bitewing radiographs (conventional, PSP, and CCD) exhibited no statistically significant differences from the real condition; therefore, this technique can be considered adequate. Some studies evaluated the diagnosis of dental caries using CBCT images and found equivalent diagnostic performance to conventional and digital radiography. 8, 9, 12, 18, 19 However, the results obtained with CBCT in the present study disagree with those findings. Most previous studies validated CBCT using only teeth that were free of restorative materials (generally healthy teeth or teeth with small cavities or caries), unlike the present study. According to Hassan et al., 20 tomographic examinations are more sensitive than periapical radiographs for detecting fractures because of the 3-dimensional nature of CBCT. However, CBCT has a lower specificity, since hyperdense materials can create sunbeam-like artifacts on CBCT that imitate fracture lines, thus limiting its diagnostic ability. Similarly, this study showed that the formation of artifacts inherent to the CBCT technique varied according to the density of the restorative material, since CBCT exhibited good results in the evaluation of composite resin but a high number of false positives in the evaluation of the tooth-restoration interface in metal restorations, thus indicating its poor accuracy. The higher radiation dose of CBCT than that of intraoral and panoramic radiography is another limiting factor.
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The same trend could be observed in the results from panoramic radiographs, as observed in Figure 4 . More specifically, digital panoramic radiography exhibited a null AUROC for the metal restorations, whereas the ROC curve for the resin restorations presented a strong rightward shift despite having high values (i.e., it exhibited high sensitivity and low specificity). This result agrees with that of Kamburoğlu et al., 21 who compared the accuracy of intraoral and extraoral bitewing radiographs and panoramic radiographs and concluded that the intraoral bitewing radiographs presented the best results. Furthermore, neither digital nor conventional panoramic radiographs provide the necessary sharpness, most likely due to the detector-object distance and the negative angle in relation to the object of radiographic interest. Conventional bitewing radiographs had the highest AUROC value, followed by digital PSP bitewing and digital CCD bitewing radiographs (Table 2 ). This finding is probably due to the fact that conventional bitewing radiographs generate no artifact with respect to contrast between structures with different densities. Moreover, the digital images showed visible artifact reduction when compared to the panoramic radiographs, most likely because of the proximity of the detector to the radiographed object, as well as the high spatial resolution of the tested systems. CCD has a spatial resolution of 14 line pairs per millimeter (lp/mm) and PSP has a resolution of 7 lp/mm, whereas conventional X-ray film exhibits the highest spatial resolution (≥20 lp/mm). [23] [24] [25] In conclusion, panoramic (conventional and digital) radiographs exhibited a statistically significant difference from the real condition for the amalgam and resin restorations, while CBCT images exhibited a statistically significant difference from the real condition only for amalgam restorations, indicating that these imaging systems provided insufficient information to assess the regions subjacent to esthetic and/or metal restorations. Furthermore, CBCT is not a viable method because of its radiation dose. To summarize, the best results for evaluating misfit in both esthetic and metal dental restorations were obtained with conventional, digital PSP, and digital CCD bitewing radiographs. This finding indicates that bitewing radiographs (conventional or digital) should be the method of choice to detect misfit at the tooth-restoration (metal or resin) interface and for subsequent follow-up.
